ABSTRACT: This work explores the assembly of large-area heterostructures comprised of a film of silica-encapsulated, semiconducting colloidal quantum dots, deposited via the Langmuir−Blodgett method, sandwiched between two graphene sheets. The luminescent, electrically insulating film served as a dielectric, with the top graphene sheet patterned into an electrode and successfully used as a top gate for an underlying graphene field-effect transistor. This heterostructure paves the way for developing novel hybrid optoelectronic devices through the integration of 2D and 0D materials.
O
ver the past few decades, low-dimensional materials have garnered scientific attention. In many of them, quantum confinement in one or more directions gives rise to remarkable properties. One such class of materials are 0D semiconducting colloidal quantum dots (CQDs), which have tunable optical and electronic properties that can be tailored by varying the size, shape, and composition of the semiconducting core. The materials surrounding this core can be chosen to mediate the interactions of the CQD with its environment.
1,2 Graphene (Gr) and other 2D materials, such as transition-metal dichalcogenides, have also been studied extensively and can be combined to form van der Waals heterostructures exhibiting new, unique properties. 3 Increased scientific understanding of low-dimensional materials, along with technological advancements in their synthesis and production, has spurred demand for their integration into hybrid quantum systems that combine the remarkable properties of their material components. Heterostructures comprised of CQDs or colloidal nanosheets and graphene are a prime example of such a hybrid quantum system, with numerous studies carried out in the past few years.
4−9 Energy-and charge-transfer dynamics between these two materials have been explored 4, 5 and exploited to fabricate optoelectronic devices. 6−9 In all of these studies, the interaction between the graphene and CQDs has been mediated by the organic or inorganic ligands surrounding the CQD semiconducting core. To the best of our knowledge, a hybrid system composed of graphene and silica (SiO 2 )-encapsulated semiconducting CQDs has not yet been investigated. These encapsulated colloidal quantum dots (ECQDs) are attractive because of their increased functionality, solubility in polar solvents, and possible biological applications (because of their decreased toxicity), 10 while maintaining, in some cases, their optical properties.
11
This work explores the assembly and characterization of heterostructures comprised of a two-to-three-monolayer ECQD film sandwiched between two graphene sheets, all supported on a SiO 2 /silicon (Si) substrate. The bottom graphene sheet can operate as a graphene field-effect transistor (GFET), while the top graphene sheet serves as a top gate, with the two sheets separated by the dielectric ECQD film. Solutionprocessing methods, used to synthesize the ECQD dielectric film in the heterostructure, are inexpensive, easy to handle, and suited for mass production while allowing for many possible applications. 12 Using transparent graphene as the top electrode allows optical access to the underlying layers. This proof-ofconcept hybrid system, or other similar ones assembled using the processes outlined in this paper, could be interesting for several potential scientific investigations or technological applications, such as Stark effect measurements, 13 resonant tunneling diodes, 14 or photodetectors. 15 Ever mindful of future applications, the techniques used in this work for growing graphene and transferring the ECQD films onto the substrate, chemical vapor deposition (CVD) and Langmuir−Blodgett (LB) deposition, are scalable and suitable for producing numerous samples over large areas. The ECQDs used consisted of an alloyed semiconducting core with a CdSerich center transitioning to a ZnS-rich outer edge (see Figure  S1 ). 11 This alloyed composition gradient eliminates lattice mismatches at abrupt CdSe/ZnS interfaces, which are known to reduce CQD luminescence. 10, 16, 17 The semiconducting core is surrounded by organic ligands, critical for the successful growth of an encapsulating amorphous SiO 2 shell via a reverse microemulsion method. 11 Unless specifically noted, all experiments were carried out with ECQDs having a total diameter of 44 ± 4 nm. Monolayer graphene, grown on a copper foil in a CVD furnace, was transferred to a SiO 2 /Si substrate via a wet etching process, using a poly(methyl methacrylate) (PMMA) stack for mechanical support. 18 Details regarding the ECQD synthesis process, the graphene growth and transfer process, LB deposition, and device fabrication can be found in the Supporting Information.
The LB method is traditionally best suited for depositing amphiphilic molecules in a nonpolar solution using water as a liquid subphase. The solution is normally dispersed onto the subphase as millimeter-sized droplets using a pipet or syringe. Amphiphilic molecules readily spread on the water surface, with the hydrophilic head in contact with the water and the hydrophobic tail pointing away from it. 19 This method is poorly suited for dispersing spherical, nonamphiphilic ECQDs dissolved in relatively high-polarity ethanol onto the subphase, resulting in large losses of material, primarily due to mixing of the polar ethanol and polar subphase. This challenge was overcome by electrospraying the ECQDs (inset Figure 1a) because the resulting micron-sized solution droplets quickly evaporated prior to mixing with the subphase, preventing the ECQDs from sinking. 20 The ECQDs floating on the liquid/air interface were physically compressed into films by the LB trough barriers, producing changes in the surface pressure of the subphase liquid as the available surface area was reduced, as shown in the pressure−area (P−A) isotherms in Figure 1a . Initially, water was used as a subphase, and the P−A isotherm showed a gradual increase in the pressure and slope, corresponding to liquid-and solid-like phases in the ECQD film. 21 Once transferred to a substrate, the resulting films showed a large number of gaps on both the nano-and microscale, as seen in the scanning electron microscopy (SEM) and optical images of Figure 1b . In contrast, by using dimethyl sulfoxide (DMSO) as the subphase, continuous films were obtained for all length scales ( Figure 1c ). For electrical applications, a gap-free film is critical for preventing short circuits between the top and bottom graphene sheets of the fabricated heterostructures. The differences in the film morphology for each subphase may have several origins. Apart from the ECQD spheres, a small amount of unencapsulated CQD agglomerates ( Figure S1d ) and surfactant residues from the synthesis process may be present in the ethanol solution. DMSO's lower polarity and surface tension compared to water may facilitate the elimination of these contaminants. 22 DMSO seems to improve the wettability of the SiO 2 spheres, reducing repulsive interactions and allowing for closer packing, as seen in the Brewster angle microscopy images of the ECQD films on a subphase surface ( Figure S2a ). This reduced interaction would help to explain DMSO's P−A isotherm, with constant zero surface pressure, followed by a sudden jump to the solid phase at the end of the barrier compression.
The photoluminescence (PL) spectra plotted in Figure 1d show that ECQD films deposited on DMSO maintain their luminescent properties (see Figure S1c for spectra in solution), with an emission maximum at 586 nm. In contrast, using water as a subphase completely eliminates the ECQD's luminescence. Similar luminescence quenching, occurring over the course of 2 weeks, has been observed in SiO 2 -coated CdSe nanorods in a water solution upon exposure to ambient oxygen (see also Figure S1c ). 23 This is caused by RO − radicals (e.g., hydroxyls) originating at the water/SiO 2 interface. 24−26 The porous nature of SiO 2 shells 25 allows the radicals to diffuse toward the ECQD cores, degrading their surface and reducing luminescence. In the LB trough, the ECQDs are located at the air/water interface, where the abundance of oxygen accelerates the radical-forming reaction, leading to very rapid quenching. This result, in addition to the inhomogeneous film coverage, demonstrates that water is not an appropriate subphase for ECQD film deposition.
Having successfully deposited a compact, homogeneous, luminescent film of two-to-three monolayers of ECQDs onto a graphene covered substrate [see atomic force microscopy (AFM) image in Figure S2b ], the final step in the heterostructure assembly is transferring a graphene sheet to the top of the ECQD film. DMSO has a strong affinity for graphene and is used as a solvent and exfoliant for graphene sheets in solution. 27 Remnants of DMSO on the ECQD film therefore hinder the adhesion of the top graphene sheet. In order to desorb these remnants, samples were heated to 80°C 
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Letter for 4 h in a 100 mTorr vacuum prior to transferring the top graphene sheet. In addition, after transfer of the graphene sheet but prior to removal of the PMMA supporting film in acetone, the sample was heated to 200°C for 15 min on a hot plate. This latter step is especially critical, releasing mechanical tensions in PMMA 18 and allowing the graphene to conform and adhere to the underlying ECQD film, as seen in Figure 2a . If this step was not employed, the poorly adhered graphene sheet was largely destroyed upon removal of PMMA. Adhesion was also improved by using small-grain graphene with many grain boundaries ( Figure S3 ). The SEM image in Figure 2b clearly shows the top graphene sheet rippling atop the ECQD film, whose distribution and stacking were practically unaffected by the top graphene-transfer process ( Figure S2c ). An advantage of using graphene as a top electrode is that it remains suspended over any small imperfections and gaps in the ECQD film, preventing top/bottom electrode short circuits. The PL spectrum from a completed heterostructure in Figure  2c demonstrates that the ECQD film retains its luminescent properties. The loss in the PL intensity is due to ligand degradation exposing surface traps and composition changes in the semiconducting core of the ECQDs, 1,10 both resulting from high-temperature steps.
Raman spectra and maps of the heterostructure are shown in parts d and e of Figure 2 , respectively. The excitation wavelength was set to 633 nm in order to reduce the PL signal from the ECQDs, although the tail end of the PL spectrum is still visible. Even with the ECQDs present, the graphene peaks are still clearly observed, demonstrating that graphene remains unaltered by the heterostructure assembly process. The Raman map depicting the 2D peak intensity of a graphene device demonstrates that the graphene can clearly be detected even when it sits below an ECQD film. The peak intensity is strongly enhanced for the top graphene sheet, as observed in the blue spectrum in Figure 2e . This is likely the result of small suspended graphene regions, known to result in more intense Raman peaks, 28 between the individual ECQD spheres.
AFM and conductive AFM (C-AFM) images, shown in part a and b of Figure 3 , respectively, were taken of a heterostructure at the edge of an ECQD film, allowing for comparative measurements in the Gr/ECQD/Gr and Gr/Gr regions. The AFM image reveals the stacking of two 44 nm ECQD layers along the profile line shown in the image, although in some regions three ECQD spheres are stacked. This two-to-three-layer stacking was observed in multiple samples for ECQDs of different sizes and was not altered by transfer of the top graphene sheet (see Figure S2b,c) . In C-AFM measurements, a voltage-biased conductive tip comes into contact with the sample while the current is recorded. 29 By electrically contacting the bottom graphene sheet and measuring the transmitted current, the vertical resistance in the vicinity of the C-AFM tip is probed. The image in Figure 3b reveals that almost all of the ECQD film is completely electrically insulating, indicating that no current is able to penetrate the insulating SiO 2 shells surrounding the ECQD cores, as expected. The small conducting spot within the Gr/ ECQD/Gr region, seen within the blue circle of Figure 3b , is most likely due to a small gap in the ECQD film. These small, isolated spots of conduction, reminiscent of pinholes in dielectric films, were observed very infrequently within the insulating ECQD film.
The electrically insulating nature of the ECQD film allowed for the top graphene sheet to be used as a top-gate electrode for an underlying GFET, as depicted in Figure 2a . The final heterostructure device, after the top graphene sheet was 
Letter patterned via photolithography, is shown in Figure 3c . Source− drain current versus gate voltage transfer curves are shown in Figure 3d , modulated by either the bottom gate (the highly doped Si wafer beneath the 285 nm SiO 2 film) or the top graphene electrode gate. Transfer curves measured prior to ECQD film deposition, shown in Figure S4 , reveal that the mobility values of the GFET device were reduced (from 350 to 250 V cm 2 s −1 in the hole branch), likely because of the introduction of defects from the oxygen plasma used to pattern the top graphene sheet. In addition, the doping changed from strongly p type to nearly intrinsic (possibly because of the removal of photoresist contaminants by DMSO), with the Dirac point current minimum occurring at −5 and −12 V for the bottom and top gates, respectively. The transfer curves of four additional devices are shown in Figure S5 . The effective relative permittivity of the ECQD film can be calculated using its AFM-measured average thickness and transconductance values obtained from Figure 3d (see the Supporting Information for details), yielding a value of ε ECQD = 1.28. For comparison, the SiO 2 bottom-gate dielectric has a value of ε SiO 2 = 3.9. The permittivity of the ECQD films is a volumetric average of the ECQDs and the air between them (ε air = 1); thus, more efficiently packed films will have a larger effective permittivity. 30 The large-area heterostructures presented in this work successfully combined for the first time 2D graphene and 0D ECQDs. Using electrospray dispersion and a DMSO subphase to deposit the ECQDs was critical for obtaining homogeneous, gap-free films. After completion of the heterostructure, PL and Raman spectroscopy measurements confirmed that the optical and structural properties of both materials were maintained. The SiO 2 shells of the ECQD films electrically isolated the top and bottom graphene sheets, allowing the top sheet to be used as a gate for a GFET device. The successfully assembled heterostructures presented in this work pave the way for the development of new optoelectronic devices. 
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